Abstract Although the fern Platycerium bifurcatum is popular among the producers of ornamental plants, it is a species of relatively poorly known physiology. Studies concerning the impact of the red/far-red (R/FR) ratio on photomorphogenesis refer primarily to spermatophytes. However, quite different phytochrome response mechanism functions in ferns, involving the localization of physiologically active form of phytochrome in the cytoplasm, without translocation to the nucleus. This work determined the reaction of young fern sporotrophophylls to the change of the R/FR ratio and investigated sporophyte ontogeny in various spectral light composition using nondestructive testing methods. It has been shown that the development of morphogenic sporophyte depends on the R/FR ratio. At a high R/FR ratio, sporotrophophylls showed a slower growth compared to those growing at a low value. A high R/FR value resulted in lower photochemical performance of PSII and adverse changes in the functioning of the acceptor portion of the PSII reaction center, while the PSII vitality analysis indicated the positive effect of simulated shadow. The value of the R/FR ratio did not affect the intensity of blue-green leaf fluorescence. However, the fluorescence intensity of red and far-red was significantly higher in plants growing at higher R/FR values. The analysis of leaf optical properties indicated higher concentrations of carotenoids and anthocyanins in the leaves of plants grown under the lower R/FR ratio. Determining the effect of spectral light composition on the physiology of this species may be useful for plant breeders and for the protection of these epiphytes in natural habitats. 
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Surface area above the chlorophyll fluorescence induction curve ARI Anthocyanin reflectance index BRFR Spectral composition containing blue, red and far-red radiation BR Spectral composition containing blue, red with lower intensity of far-red radiation CRI 1 Carotenoid reflectance index DI 0 /RC Total energy dissipation not trapped by the PSII reaction center ET 0 /RC Rate of electron transfer by the active PSII reaction center F V /F 0 Maximum efficiency of the water splitting reaction of the donor side of PSII F V /F M Maximum quantum yield of PS II H-R/FR Higher value of the red/far-red ratio L-R/FR Lower value of the red/far-red ratio NIR Near-infrared range in the light spectrum PAR Photosynthetically active radiation PI PSII vitality index PRI Photochemical reflectance index PSII Photosystem II Q A Plastochinon Q A RC Reaction center
Introduction
The results of many experiments show that spectral composition, in addition to the main factor, i.e., light intensity, plays a particular role in photomorphogenesis. Solar radiation enables plants to initiate specific metabolic pathways associated with acclimation to changing environmental conditions already at an early stage of ontogeny. The corresponding proportions of individual light wavelengths carry biologically useful information about conditions of external environment and regulate the process of tissue morphogenesis (Kraepiel et al. 2001) . A key role is played by the ratio of red to far-red light (R/FR), informing plants about changes occurring in their environment. It determines specific physiological reactions and, in consequence, sometimes also morphological responses (Fankhauser 2001) . Phytochromes, often referred to as ''photomorphogenetic pigments'' are primarily responsible for the absorption of red and far-red wavelengths (Quail 1994) . Phytochrome photoperception is a common mechanism for the detection of red and far-red light in bacteria, cyanobacteria, fungi and plants (Rösler et al. 2010) . Plant responses to changes in the R/FR ratio at the cellular level are associated with changes in gene expression and initiation of many metabolic pathways, acting as signal functions for photomorphogenetic processes (Kircher et al. 1999; Neff et al. 2000) . The phytochrome reaction mechanism in ferns, mosses and certain algae differs when compared to spermatophytes. The main difference is related to the lack of translocation of part of the phytochrome pool activated by red light from the cytoplasm to the nucleus (Wada 1988; Rösler et al. 2010) . In different fern species growing in low-light conditions, chimeric (hybrid) photoreceptors, combining the properties of phytochrome and phototropin, can play an important role in ontogeny in the processes regulating morphogenesis through red and far-red light (Kawai et al. 2003) .
Both the intensity and spectrum of sunlight are subject to constant changes in the Earth's atmosphere. This is due to the dynamic changes of atmosphere components both natural (carbon dioxide, water vapor, ozone) as well as contaminants (e.g., particulates) and weather conditions (cloud cover). Moreover, part of the radiation is reflected from leaf surfaces and their cellular structures (Taiz and Zeiger 2006) . In addition, the architecture of individual plants, complex structure of canopy and forest layers result in heterogeneous illumination of individual organs in terms of light spectral composition and its intensity. This particularly applies to plants growing in the lower layers of the forest where the tree crowns regulate lighting, temperature and humidity, and induce the formation of specific microclimates (Nadkarni et al. 2004 ). This applies mainly to the R/FR ratio, the value of which decreases with the distance from the top of the canopy. The increasing human activity in rainforests causes degradation of these local ecosystems and fluctuations in the intensity of impact of abiotic factors, including light. This is particularly important for epiphytic plants, living under the tree crowns, such as the fern Platycerium.
The genus Platycerium is one of the few pantropical epiphytic fern genera with six species in Afro-Madagascar, 8-11 Australasian species, and a single species in tropical South America (Kreier and Schneider 2006) . This genus belongs to the class of leptosporangiate ferns, extremely diverse in terms of structure. In addition to the plants of typical herbaceous sporophyte, it also includes woody plants and epiphytes. The unusual nature of ferns morphology explains the classification of Platycerium bifurcatum into the latter group.
The mature form of sporophyte is characterized by two types of leaves: sporotrophophyll and nest leaves. Nest leaves are responsible for keeping the plant on the trunk as well as humus and water accumulation, while green sporotrophophyll leaves play basic assimilation functions. Their size in mature plants usually ranges between 25 and 90 cm (Jones and Goudey 1981) . They adapt band-like shape, with dichotomously forked ending, on which sporangia are located on the lower lamina surface.
Despite the extraordinary popularity of this species, mainly due to its esthetic values, the physiology of P. bifurcatum is relatively poorly understood. Physiological studies conducted so far have been mainly limited to determination of the response of this plant to drought stress and a description of micropropagation methods for commercial purposes (Rut et al. 2003; Aspiras 2010, Liao and Wu 2011) . In recent years, research has been initiated on the effects of light intensity on the functioning of photosynthetic apparatus of P. bifurcatum (Sanusi et al. 2011) , which natural habitats are increasingly exposed to stress radiation. It is associated with increased anthropogenic pressure in the areas of its occurrence, particularly with rainforest deforestation.
The present study analyzed changes in the morphology of young P. bifurcatum sporophyte and photochemical efficiency of sporotrophophyll leaves in relation to the R/FR ratio of light reaching the plants. This value provides information about the intensity of light in the growth environment, i.e., shading or insolation-low (L) or high (H) R/FR, respectively. Plant response to the R/FR ratio is a key element of the so-called strategy of shade avoidance. Considering the information on the sensitivity of plants of the genus Platycerium to the high light intensity (Sanusi et al. 2011) , it was investigated whether an increase in the R/FR ratio affected the process of photomorphogenesis of P. bifurcatum sporophytes. The applied experimental conditions allowed to trace the differences in sporophyte ontogeny in various light spectral compositions. The advantage of this study was the sole use of non-destructive research methods, allowing to track the progressive physiological changes during ontogeny in the same leaves.
Materials and methods
Plant material
The study was performed on 10-month sporophytes of Platycerium bifurcatum (Cav.) C. Chr., derived from the collection of the Institute of Biology at the Pedagogical University in Cracow. One month before the start of the measurements, 22 best developed, morphologically similar young sporophytes were selected. They were placed in a Flowstar Snijders Scientific phytotron chamber (The Netherlands) for acclimation. Half of the plants were exposed to the light with a BRFR spectral composition, with an equal LED number, emitting radiation of 450, 650, and 730 nm wavelengths and a light intensity of 5000, 13,000, and 7000 cd sr m -2 , respectively. This enabled to obtain the low-red to far-red ratio-L-R/FR-and simulate shadow conditions (Fig. 1 ). Other plants were grown under the BR light with significantly lower intensity of the far-red radiation (700-780 nm range) and a slightly increased radiation intensity in the blue wavelength range to compensate for the amount of light energy reaching the plants. This way, the higher value of R/FR was obtained-H-R/FR ( Fig. 1) , characteristic of well-insolated habitats. Sporophytes grew at a photoperiod of 16/8 h at 25/15°C (day/night, respectively). RH was set to 60 %.
All measurements were performed at 1 and 3 months of exposure to described spectral conditions. Each time, the analyses were conducted on the same sporotrophophyll leaves, which allowed to track physiomorphological changes occurring during sporophyte ontogenetic development without inter-individual variability.
Microscopy analysis
Hand-cut pieces of lamina were observed in distilled water using a Nikon ECLIPSE Ni light and epifluorescence microscope (Nikon, Japan) equipped with Microscope Camera Digital Sight series DS-Fi1c and NIS Imaging software, Nikon version 4.11.
PSII photosynthetic efficiency evaluation
Chlorophyll a fluorescence was measured using a Handy-PEA Hansatech Instruments fluorometer (UK) according to the method of Strasser et al. (2000) . Non-invasive measurements after the first and third month of development were carried out on the upper side of the same leaf lamina, at 20°C (±1). Before the measurement, to quench chlorophyll fluorescence, the plant was acclimated to the dark for 20 min. Radiation of 3 mmol (quantum) m -2 s -1
was used for the excitation of chlorophyll fluorescence.
The measurement results were analyzed using PEA Plus Hansatech Instruments software (UK). General fluorescence parameters were analyzed: F V /F M -maximum photochemical efficiency of PSII (Bjorkman and Demming 1987) and Area, which defines the area above the fluorescence curve and illustrates the Kautsky effect. It is also used to determine the pool of available PSII acceptors. The following parameters of photosynthetic apparatus efficiency were determined: maximum efficiency of the water splitting complex on PSII donor side (F V /F 0 ), PSII vitality (PI) and photosynthetic performance index, showing reaction center density in terms of chlorophyll-RC/ABS (Strasser et al. 2000) . Energy flow through PSII was evaluated on the basis of three flow parameters: TR 0 /RCenergy trapping of one active reaction center, ET 0 /RCrate of electron transfer through active RC, DI 0 /RC-total energy dissipation, not trapped by RC.
Fluorescence emission spectra of leaves
Fluorescence spectra of P. bifurcatum leaves were obtained using a Perkin Elmer LS55 spectrofluorometer (USA) with FL WinLab software version 4.0. Measurements were performed at 20°C, on the upper lamina surface, with an external fiber optic accessory (L2250144) ending with a measurement clip. The slots of excitation and emission radiation were set to 9 mm. The use of external fiber optic accessory enabled non-invasive measurements, i.e., without the need of damaging the leaves. Fluorescence emission spectra of the leaves were measured in dual band radiation according to the method described by Lichtenthaler and Schweiger (1998) . The blue-green range (430-650 nm) allowed to determine fluorescence intensity of phenolic compounds, and red with far-red (600-800 nm) to observe chlorophyll fluorescence. The beam at wavelengths of 390 and 440 nm was used to induce fluorescence. Indices evaluating the impact of environmental factors on the metabolism of plants were calculated based on the following fluorescence spectra: F450/F530, F450/F684, F450/F735, and F684/F735 (where F is the fluorescence intensity at a given wavelength).
Optical properties of leaves
The reflectance spectrum of the light radiation in the range of 400-1000 nm was measured using a CID Bio-Science CI-710 spectrometer (USA) with SpectraSnap software. Measurements were performed after 1 and 3 months of plant growth under different spectral conditions. The reflectance was measured on the upper surface of the lamina at 20°C.
Reflectance indices were calculated on the basis of reflectance spectra allowing to assess changes in the content of anthocyanins and carotenoids (ARI, CRI 1 ) and water (WBI) in the leaves. The PRI index, indicative of light use efficiency by the leaves in the PAR range (LUE) was also calculated. (Gitelson et al. 2002) ARI = (R 550 -1 -R 700 ) -1 9 R 800 (Gitelson et al. 2001 ) Peñuelas et al. 1993) The letter R in equations is the reflectance intensity at the radiation wavelength given in subscript.
Statistical analysis
The resulting numerical data were subjected to statistical analysis (ANOVA) using StatSoft, Inc. (2014); STA-TISTICA (data analysis software system), version 12. www.statsoft.com. The significance of the differences was determined at P B 0.05 by Duncan test.
Results and discussion
Morphology and anatomy of leaves
Sporophyte ontogenetic development is primarily based on the increase of assimilation surface, lamina thickness and formation of characteristic dichotomous forks in the apical part. These changes are accompanied by the emergence of stellate, dead trichomes on epidermis, forming tomentose. It protects the leaves from overheating in strong sunlight and absorbs water. As the leaf grows, tomentose structure becomes less compact, and disappears in some areas. However, in the mature plants (approx. 10-year-old specimens) it covers almost the entire surface of the lamina. After the first month of development under H-R/FR, tomentose is less developed, and during further ontogeny it disappears faster than that of plants grown under L-R/FR.
Sporotrophophyll leaf anatomy did not significantly differ at 1 and 3 months of growth in both spectral light compositions (Fig. 2) . Relatively large cells accumulating water are located directly under the upper epidermis. Palisade parenchyma with numerous chloroplasts is located deeper, underneath it is the spongy parenchyma, bordering with the lower epidermis and also containing chloroplasts. Vascular bundle, surrounded by endoderm, is located in the central part of the cross section. Sclerenchyma cells are present on both sides of it.
Anatomical studies were performed because the spatial structure of parenchyma cells strongly depends on the light conditions. The leaves of plants adapted to low-intensity radiation are characterized by a thinner mesophyll layer of looser structure. Then, only one layer of the palisade parenchyma is present and the number of chloroplasts is typically smaller compared to leaves grown under intensive light (Lambers et al. 2008) . The spongy parenchyma is well developed in plants growing in the shade, as it lengthens the path of light in the leaf through reflection at the interface and increases the absorption capacity of leaves (Vogelmann et al. 1996) . When the intensity of radiation is increased, the acclimation potential of leaves growing in the shade is limited by their anatomical structure and the presence of intercellular space in mesophyll (Oguchi et al. 2005 ). Therefore, a complete acclimation sometimes requires production of entirely new leaves by the plant (Lambers et al. 2008 ). However, as mentioned above, no anatomical changes were found resulting from alterations in the R/FR ratio in P. bifurcatum plants.
Change in the spectral composition of light, reaching young sporophytes, affects leaf growth rate. Plants growing in shadow-simulating conditions, i.e., at the low value of R/FR (L-R/FR), reached significantly larger sizes (Fig. 3b) , compared to those exposed to the high R/FR radiation (H-R/FR) (Fig. 3a) .
Photosynthetic efficiency of leaves
Quantum yield of photosynthesis can be determined based on the F V /F M parameter, which allows to assess changes in the functioning of PS II (Naumann et al. 2008) . A significant decrease in the PSII photochemical efficiency was recorded in plant leaves exposed to H-R/FR after 3 months of growth compared with that observed after 1 month (Table 1) . Sanusi et al. (2011) demonstrated that longer exposure of P. bifurcatum to intense sunlight above 200 lmol (quantum) m -2 s -1 contributed to the reduction of F V /F M , although it was not yet a sign of photoinhibition, which is diagnosed only at the PAR intensity of 1500 lmol (quantum) m -2 s -1 . This allowed to conclude that the plants growing under H-R/ FR responded to the information about a higher light energy dose. It should be noted that the natural habitat of this fern species is characterized by a high shading, and thus more light waves in the far-red range (L-R/FR).
Area values (Table 1) suggested that the energy transfer to plastoquinone Q A from PSII active center was not inhibited and increased during leaf development. This proved the acclimation of plants to spectral conditions and the occurrence of growth processes, during which the increase in area values seemed to be a natural phenomenon resulting from an increase in the Q A pool.
According to some authors (Pereira et al. 2000 , Oliveira et al. 2002 , Paiva et al. 2009 ), the F V /F 0 parameter is more sensitive in determining PSII efficiency than the photochemical performance index (F V /F M ). A decrease in this value indicates disturbances in the functioning of extremely sensitive to environmental changes, water splitting complex (Pereira et al. 2000) . The stability of this complex affects plant resistance (Jiang et al. 2006) . The general trend of changes in F V /F 0 is similar to F V /F M and indicates slight unfavorable changes in the functioning of the acceptor part of PSII reaction center (Table 1) . These changes occur during the increase at H-R/FR (higher insolation), with no statistically significant differences between the plants growing under L-R/FR conditions b Fig. 2 Cross section of (a-c) one-and (d) three-month-old sporotrophophyll leaves of Platycerium bifurcatum (the elkhorn fern or the staghorn fern). a Observed in transmitted white light. b-d Observed using epifluorescence microscopy. Red, green and blue colors correspond to autofluorescence of chlorophyll and cell walls, respectively. ue upper epidermis, le lower epidermis, ws waterstorage tissue, pp palisade parenchyma, sp spongy parenchyma, ve vein, sc sclerenchyma, tw thickened inner walls (arrows) of the mesophyll cell bordering with the endodermis, tr trichomes. Scale bar 200 lm (shadow). The vitality of PSII measured by the PI (Table 1) suggests a positive effect of the shadow (L-R/FR) on the efficiency of photosynthetic apparatus. This parameter demonstrates the inner strength of the plant that allows to counteract external stressors. It depends on the number of active reaction centers, quantum yield of photosynthesis and the course of redox reactions in the dark phase (Strasser et al. 2000 (Strasser et al. , 2004 . In this case, both after 1 and 3 months of growth, a higher vitality of plants was observed growing under L-R/FR (increased PI) than those under H-R/FR. Together with lamina development, the density of reaction centers in terms of chlorophyll is also increasing-RC/ABS (Strasser et al. 2000) . The increase in this parameter occurred in both spectral light systems; however, it was statistically significant only for H-R/FR (Table 1) . This is understandable because in the conditions of intense radiation, chloroplasts with an extensive lamellar system are produced with a large number of thylakoid grana, leading to an increase in the number of PSII complexes and chlorophyll a (Taiz and Zeiger 2006) . A plant, when attempting to adjust to a higher energy dose, develops structures allowing for its increased absorption, which can be considered an acclimation to environmental conditions. However, too many RCs in relation to functional Q A cause a delay in the energy transfer (Strasser et al. 2000) . The TR 0 /RC parameter indicates the maximum, possible after excitation, energy trapping by the PSII active reaction center. It is associated with the reduction in the plastoquinone Q A pool (Force et al. 2003) . Hence, the value of this parameter in plants receiving information about H-R/ FR, despite the large pool of active centers, remains at a Values in the column marked with the same letters are not significantly different at P B 0.05 by Duncan test, n = 5 similar level, while the TR 0 /RC value increases in leaves growing in the shade (L-R/FR). The rate of electron transfer through individual active reaction centers, expressed as ET 0 /RC, strongly correlates with TR 0 /RC (Strasser et al. 2000) . Therefore, it is not surprising that the trend of changes in both parameters was similar and the rate of energy transfer was higher in the leaves grown under L-R/FR. However, an increase in the number of RC during morphogenesis in the latter plants was not as sudden as in those exposed to H-R/RF radiation.
The DI 0 /RC parameter (Table 1) illustrates the total energy dissipation (mainly in the form heat), which is not trapped by the reaction center (Force et al. 2003) . Statistical analysis showed that this dissipation was more increased during the plant growth under the H-R/FR than L-R/FR range. This is caused by the lower efficiency of energy transfer in plants growing under conditions simulating high insolation. The relationships between the flow parameters in this study are consistent with those obtained by Castro et al. (2011) and correspond to the assumptions proposed by Strasser et al. (2000) .
Blue-green and red fluorescence of leaves
Main fluorescence emission bands of phenolic compounds, depending on the species, are usually located in the blue (430-450 nm) and green range (520-530 nm) (Lichtenthaler and Schweiger 1998). As regards P. bifurcatum, only peak shoulder was observed at a wavelength of 430 nm (Fig. 4) . This might indicate a shift in the emission maximum in the blue spectrum towards shorter wavelengths. According to Johnson et al. (2000) , who carried out experiments on 35 species from different plant taxa, blue fluorescence emission maximum is in the range of 405-475 nm. Moreover, slight shifts are dependent on the excitation wavelength. In comparison with the results of Lichtenthaler and Schweiger (1998) , carried out on monoand di-cotyledonous species, a clear band in the green spectrum at 530 nm can be distinguished in P. bifurcatum. However, as demonstrated by Richter and Lichtenthaler (1996) , specific growth conditions can cause an increase in the intensity of green fluorescence, sometimes even exceeding the peak maximum in the blue range.
Fluorescence in the red and far-red range derived from chlorophyll has two emission maxima in photosynthetic organisms in the range of approximately 685-690 nm and 735 nm (Gitelson et al. 1998; Hall and Rao 1999) . However, changes in the course of fluorescence curves are largely dependent on the absorption properties of leaves (Gitelson et al. 1998 ) and changes in the kinetics of fluorescence induction, which is not observed in the blue-green spectrum (Stober and Lichtenthaler 1993) .
With the growth of the plants in both spectral conditions, an increase in the fluorescence intensity of phenolic compounds was observed in the cell wall (Fig. 4) . However, there was no difference in the F450/F530 ratio, indicating similar content of phenolic compounds in the leaf epidermis (Table 2 ). The function of these compounds includes photoprotection of plants from strong UV radiation (Bilger et al. 2001) . The light conditions applied did not cause radiation stress; therefore, lack of noticeable differences in this parameter in both plant groups was not surprising. The higher ratios of blue to red fluorescence (F450/F684), and blue to far-red (F450/F735), apparent between the first and third month of growth appeared to be the result of leaf ontogeny (Table 2 ). An increase in F450/ Fig. 4 Blue-green (a) and red (b) fluorescence spectra of sporotrophophyll leaves of Platycerium bifurcatum after 1 and 3 months of growth at low (L-R/FR) and high (H-R/FR) R/FR ratio in the light spectrum. The mean standard deviation for all points of each curve does not exceed 10 %. The curves represent mean values of 5 replicates F684 was observed after 3 months of growth both in plants cultivated under L-R/FR and H-R/FR. However, a significantly higher increase of the F450/F684 ratio (by approx. 260 %), which is a sensitive detector of early response to changes in the environment (Buschmann and Lichtenthaler 1998) , was observed in plants growing under H-R/FR. A similar trend was observed with respect to the second factor-F450/F735, considered a sensitive indicator of changes in metabolic activity caused by environmental factors (Schweiger et al. 1996) . The analysis of the F684/ F735 ratio is useful to monitor changes in the chlorophyll content during the plant growth as well as under unfavorable environmental conditions (D'Ambrosio et al. 1992 , Tuba et al. 1993 , Buschmann and Lichtenthaler 1998 . This method was first introduced by Lichtenthaler et al. (1986) and can be considered reliable only if the concentration of chlorophyll in the leaves does not exceed 30 lg cm -2 (Gitelson et al. 1998) . Under H-R/FR, the F684/F735 ratio between the first and third month of growth was decreasing, indicating a significant increase in chlorophyll content in the leaves. The value of this coefficient is in fact inversely proportional to chlorophyll content in the leaves (Gitelson et al. 1998) . Under intense light associated with H-R/FR, the development of granal thylakoids is a natural acclimation mechanism. This translates into a significant PSII quantity and a high content of chlorophyll a. It should be noted, however, that acclimation changes in chlorophyll content, induced by environmental factors, occur slowly (Moya and Cerovic 2004) .
Radiation reflectance of leaves
Radiation reflectance curves of P. bifurcatum leaves had a similar pattern under both L-R/FR and H-R/FR (Fig. 5) . A clearly marked band could be observed in the yellow-green range (approx. 550 nm), similarly as in other plant species (Gitelson et al. 2001) . After 1 month of growth under L-R/ FR, plants generally exhibited higher reflectance intensity in the PAR range than those grown under H-R/FR. After 3 months of growth, regardless of the R/FR value, radiation reflectance intensity was lower than that observed after 1 month. Between the first and third month of growth, leaves exposed to L-R/FR showed a higher decrease in reflectance intensity than those growing under H-R/FR (Fig. 5) . The low reflectance in terms of PAR was associated with the light absorption of plant pigments present in the leaves. Lower reflectance may also lead to the gradual disappearance of tomentose during leaf development, which affects their optical properties (Taiz and Zeiger 2006) . All of these factors are changing during leaf development (Araus et al. 2001 ). Sometimes such differences are related to the adaptation of plants to sunny or shady habitats. This is possible due to the presence of phytochromes, which activity is regulated by the R/FR ratio in the white light spectrum (Smith and Whitelam 1990) . Radiation reflectance in the NIR range (700-1000 nm) is always higher than in the PAR range. Reflectance intensity in this part of the spectrum is conditioned mainly by the tissue spatial structure and ultrastructure of parenchymal cells in the leaf. An important role is played by the relative position of the cell wall and protoplasm as well as spaces between chloroplasts and cell wall and protoplasm (Grant 1987) . The intensity of reflectance in the NIR range 950-970 nm is directly related Values in the column marked with the same letters are not significantly different at P B 0.05 by Duncan test, n = 5 to the degree of cell hydration (Peñuelas et al. 1993) . After the first month, higher reflectance values were observed in the plants growing under L-R/FR compared to those under H-R/FR. In both cases, reflectance intensity decreased after 3 months of growth, although this reduction was less pronounced in plants growing under H-R/FR. However, the higher radiation reflectance was still evident in plants under L-R/FR. Lower reflectance after 3 months could also be the result of partial tomentose loss observed during ontogeny. Changes in carotenoids (CRI 1 ), anthocyanins (ARI) and hydration (WBI) of P. bifurcatum leaves, determined based on the reflectance indices are summarized in Table 3 . The analysis of carotenoid content is problematic because they are obscured by chlorophylls (Gitelson et al. 2002) and xanthophylls, which alterations are observed during leaf ontogeny and/or acclimation to changing lighting conditions (Gross 1987; Knee 1988; Merzlyak and Solovchenko 2002) . The CRI 1 parameter increases proportionally to carotenoid content in the tissue (Solovchenko 2010) . The amount of carotenoid, estimated on its basis, in the leaves exposed to L-R/FR was higher already after 1 month of growth in comparison with the values recoded in the plants growing under H-R/FR. After subsequent 2 months of growth under L-R/FR, the reflectance derived from carotenoids was increased, whereas under H-R/FR remained at the same level. Carotenoids, especially zeaxanthin and violaxanthin, play an important role during excess energy dissipation (xanthophyll cycle) and protection of photosynthetic apparatus (Peterman et al. 1997) . Moreover, carotenoid molecules are part of the PSII antenna complex located in thylakoid membranes, which development in the shadow may be associated with the need to increase light absorption by the plant. Similar relationship, as for carotenoids, can be observed in the analysis of reflectance derived from anthocyanins. Accumulation of anthocyanins in the leaves is a very common response of plants to environmental impact associated with the change of radiation intensity (Chalker-Scott 1999) , as anthocyanins are involved in plant protection against the effects of high PAR radiation (Gould et al. 1995; Merzlyak and Chivkunova 2000) . The ARI parameter is a sensitive indicator of anthocyanin content in the leaf, increasing linearly with pigment content (Gitelson et al. 2001; Steele et al. 2009 ). However, the increase of ARI in Platycerium leaves growing under L-R/FR is difficult to unambiguously explain at the current stage of research.
The PRI index is an alternative form of assessment of photosynthesis quantum yield and PSII efficiency. Its fluctuations are usually associated with changes in xanthophyll cycle and dissipation of excess energy as heat, allowing to protect photosystem against the effects of intense radiation (Naumann et al. 2010; Demmig-Adams and Adams 1996) . PRI allows to track changes in the light use efficiency (LUE) in photosynthesis caused by various environmental factors (Gamon et al. 1997 ). Higher PRI values indicate greater efficiency of the light phase of photosynthesis. A significant increase of PRI was observed in plants growing under H-R/FR, and a decrease in the case of L-R/FR (Table 3) . PRI seems to be a better indicator of the functioning of PSII with respect to a generalized stress response, which causes a sudden reduction in photosynthesis efficiency (Peñuelas and Filella 1998) , than in slow acclimation changes occurring during ontogeny. Moreover, plants grown in the shade, after exposure to intense radiation, can demonstrate deviations in PRI (Gamon et al. 1997) . The WBI parameter is a good indicator of water content in green leaves (Peñuelas et al. 1993; Sims and Gamon 2003) . WBI values in plants growing under both spectral light compositions, show proper degree of hydration and fall in the upper range of 0.8-1.2 a.u. (Peñuelas et al. 1993 ).
Conclusions
1. Platycerium bifurcatum is an interesting experimental material in fern physiology studies. 2. Despite the lack of significant differences in anatomy, already after 4 weeks, morphogenic development of sporotrophophyll leaves of the fern P. bifurcatum largely depended on the R/FR ratio in the light spectrum. They showed a limited development of leaf blade size at the increased R/FR value, characteristic for environments with high insolation. A decrease of the maximum photochemical efficiency was observed, and slower energy flow through PSII. 3. Differences resulting from the ontogenetic development and reactions of plants to changes in the R/FR ratio were reflected in the parameters of blue-green and red fluorescence of leaves. 4. The analysis of leaf optical properties indicated higher accumulation of carotenoids and anthocyanins in the leaves of plants grown under the lower R/FR ratio.
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